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Intr oduction
Obtained images are often corrupted by impulsive noise during the acquisition or transmission, due to the image system error and transmission effects. So it is very important to eliminate noise in images before subsequent processing such as image segmentation.
When an image is corrupted by impulsive noise, only part of the pixels is changed. Based on trichromatic color theory, color pixels are encoded in three scalar values, namely, red, green and blue (RGB color space). Let be the vector that characterizes a pixel of a noisy color image, ij z the vector describing impulsive noise model. Let ij o be the noise-free color pixel and p be the impulsive noise probability. Then impulsive noise model is described as, with probablity , with probablity 1-.
In this paper, we consider random-valued noise model. For this model, each component of ij z has random value in [0, 255] .
Numerous vector filtering techniques have been proposed to remove impulsive noise for color image processing since the development of the well-known vector median filter (VMF) [2] . For example, vector directional filters (VDF) [3] , directional-distance filters (DDF) [4] , hybrid directional filter (HDF) [5] .
Similar to the scalar median filter, these vector filters have undesirable side effects that tend to blur fine details or destroy edges while filtering out impulses because they introduce too much smoothing [6] . To trade off detail preservation against noise reduction, many improved vector filtering techniques have been developed. See for example [7] [8] and references therein. In recent years, the socalled "decision-based" or "switching" mechanism has been introduced into these filters. These filters first identify possible noisy pixels and then replace them by using the vector median filter or its variants, while leaving all other pixels unchanged. In [9] , fast peer group filter was proposed. In [6] , based on the quaternion representation of color difference, an efficient color-impulse detector for switching vector median filters was presented. In [10] , based on vector marginal median filter, two switching-based filters were proposed. Many other switchingbased filter were also proposed, see for example [8] [11] [12] [13] .
In this paper, we propose an effective algorithm for impulsive noise removal in color images. The proposed method is a two-phase scheme. In the first phase, an impulse detector is designed to identify pixels which are likely to be contaminated by noise; in the second phase, the image is restored by using a detail-preserving regularization method that applies only to those selected noise candidates. Extensive computer simulations indicate that our proposed algorithm provides significant improvement over many of the existing filtering algorithms in suppressing impulsive noise in color images.
The paper is organized as follows. In Section 2, we give our impulsive noise removal algorithm. Experimental results are presented in Section 3. (2 1) (2 1) 
Our method
Then sort the n d values in increasing order:
and define Similar to ROAD statistic defined in [14] , the ROPD statistic provides a measure of how close a color pixel is to its eight most similar neighbours, and the ROPD statistic can be used to detect impulsive noise as in the following algorithm.
Algor ithm 1 (Noise detection) For color image pixel ( , , )
its ROPD statistic is greater than a predetermined threshold Tol, then the color pixel ij x is contaminated by noise. Otherwise, this color pixel is noise-free.
To implement the algorithm, a very important step is to select the threshold Tol. If Tol is too small, then many noise-free pixels may be classified as noise pixels. If Tol is too large, then many noise pixels may be classified as noise-free pixels. So the selected Tol should balance the above two situations. On the other hand, Tol should magnify the impulsive noise probability. Considering these conditions, we select Tol according to the following rule: Set iTol = 140, let q be the proportion of the pixels in the image whose ROPD values are less than iTol. Then we choose Tol as Tol (iTol 100)
(4) Extensive simulations conducted on standard test images indicate that with Tol selected according to (4), our algorithm is very effective.
In the following, the set of noise candidates is denoted by N {( , ) : is contaminated by niose}
The set of all uncorrupted pixels is denoted by N c .
After the noise detection, the noise pixels can be restored by some nonlinear regularization method. Here we use the ideas in [15] [16] , to design our algorithm.
Algor ithm 2 (Two-phase impulsive noise removal algorithm for color images):
1. Initialize x to be the observed image. We use the GBB method to find the minimizer of the objective function (5). More details can be found in M. Raydan [17] .
In our experiments, we use 1-norm in (5) , that is 1 p = . And we set 
Exper imental r esults
In this section, we exam the performance of our proposed algorithms using two color images "Lena" and "Peppers", which are shown in Figure 1 . For comparison, we also test many other algorithms presented in the literature. These include VMF [2] , VDF [3] , DDF [4] , HDF [5] , AVDF [11] , AVMF [8] , MAVMF [8] , FPGF [9] , AVMMF [13] , MVMF [10] , RVMF [10] , FHSF [12] and quaternion based algorithm, denoted by QVMF [6] .
In the experiments, all above-mentioned techniques use 3 3 × filter window.
For DDF, we choose 0.75 p = as in [4] , see [4] for details. For AVDF, we use AVDF2 in [11] , since it has the best performance in removing impulsive noise among all AVDFs in [11] . For AVMF, we choose 1 4 λ = , and for MAVMF, we choose 2 12 λ = as in [8] . For QVMF, the parameter Tol takes the value of 22 as in [6] , see [6] for details. For FPGF, we choose Tol = 45, 3 m = as in [9] . For AVMMF, we set 3 m = as in [13] . For MVMF and RVMF, we set 3 t = as in [10] . And for FHSF, we set 10, 11, 48 Ht St Lt = = = and 3 m = as in [12] .
For the measurement of the restoration quality the commonly used root mean squared error (RMSE) expressed through the peak signal-to-noise ratio (PSNR) was used as the RMSE is a good measure of the efficiency of impulsive noise suppression. The PSNR is defined as Since RGB is not a perceptually uniform space in the sense that differences between colors in this space do not correspond to color differences perceived by humans, the restoration errors are often analyzed using the perceptually uniform color spaces [9] . So in this paper the restoration errors were also analyzed using the Normalized Color Difference (NCD) defined as [1] , * * 2 * * 2 * * 2 In the experiments, the two original test images are contaminated by randomvalued impulsive noise of noise levels ranging from 10% to 30% with increments of 10% using the noise model (1) . We summarize the performance of different methods in Table 1 and Table 2 . From the tables, we see that our proposed algorithm achieves a significantly high PSNR and low NCD.
Based the above results, we can conclude that our proposed algorithm is very effective and superior to the other existing methods in random-valued impulsive noise removal. 
